The purpose of this study was to clarify the role of calcium flux in the pathogenesis of transient overshoot in regional myocardial contractile function after brief ischemia (post-ischemic hypercontraction). Six open-chest anesthetized dogs were examined. The left anterior descending coronary artery (LAD) was cannulated with a bypass system from the left carotid artery. Two minutes of total coronary occlusion of the LAD resulted in a post-ischemic hypercontraction 1 minute after reperfusion. Post-ischemic hypercontraction was abolished after reperfusion following 2 minutes of perfusion with anoxic Krebs-Henseleit solution containing 2.5mM calcium. Post-ischemic hypercontraction occurred after calcium-free anoxic perfusion. The regional myocardial contractile function remained depressed 1 minute after reperfusion following anoxic perfusion with 5.0mM calcium solution. Thus, post-ischemic hypercontraction was modified by the calcium concentration during anoxia. Alteration in transsarcolemmal calcium influx during reperfusion, which was modified by alterations in the calcium environment during anoxia, could be responsible for this phenomenon. (Jpn Heart J 34: 291-299, 1993.) Key Words: Hypoxia Ischemia Reperfusion Calcium ECENT advances in coronary revascularization procedures, especially coronary angioplasty and thrombolytic therapy have brought about a controversy concerning the influence of reperfusion on ischemic myocardium. It has been shown that transient myocardial ischemia results in a prolonged, but reversible post-ischemic regional contractile dysfunction after reperfusion ("stunned myocardium").1),2) In contrast, a briefer period of coronary occlusion may result
ECENT advances in coronary revascularization procedures, especially coronary angioplasty and thrombolytic therapy have brought about a controversy concerning the influence of reperfusion on ischemic myocardium. It has been shown that transient myocardial ischemia results in a prolonged, but reversible post-ischemic regional contractile dysfunction after reperfusion ("stunned myocardium").1),2) In contrast, a briefer period of coronary occlusion may result Jpn. Heart J. May, 1993 in a transient regional hypercontraction during reperfusion, "post-ischemic hypercontraction."3)-10) This phenomenon has also been observed during attacks of variant angina.11) Nevertheless, its pathophysiological aspects have been poorly delineated. We previously noted that this phenomenon was not related to the reactive hyperemia, but to the preceding myocardial ischemia.12) Alterations in calcium homeostasis are suggested as one of the causes of post-ischemic "stunned myocardium."13),14) Post-ischemic hypercontraction was exaggerated in the "stunned myocardium" , and the exaggeration was attenuated by pretreatment with the calcium antagonist, verapamil.15) Thus, alterations in calcium flux may also be related to the post-ischemic hypercontraction.
The extracellular calcium concentration can be easily modulated during anoxic perfusion. The purpose of this study was to determine if the extracellular calcium concentration affects the post-ischemic hypercontraction during anoxic perfusion.
METHODS AND MTERIALS
This investigation conformed to the "Guide for the Care and Use of Laboratory Animals" published by the US National Institutes of Health. Experimental preparation:
Six mongrel dogs (13-20kg) of either sex were anesthetized with 25mg/kg of intravenous sodium pentobarbital, and intubated and ventilated with a Harvard respirator. A 8F polyethylene catheter was introduced from the right femoral artery and placed in the descending aorta for monitoring of aortic pressure. Thoracotomy was performed at the left 5th intercostal space, and the heart was suspended in a pericardial cradle. The left anterior descending coronary artery (LAD) was isolated from the surrounding tissue just distal to the first diagonal branch, and was cannulated with a bypass system from the left carotid artery. The bypass system consisted of 2 pathways, as illustrated in Figure 1 . Opening line A, with lines B and C closed, enabled autoperfusion of the LAD area from the left carotid artery. Closure of line A, with lines B and C open, enabled anoxic perfusion with Krebs-Henseleit solution containing various concentrations of calcium. The LAD area was perfused with almost the same pressure as the aorta through the balloon included in this system.16) The blood flow in the LAD was measured under an electromagnetic flow probe (Nihon Kohden Inc.) in the bypass system. Coronary perfusion pressure was monitored through the side arm of this system by connection to a pressure transducer. Two pairs of microcrystals were implanted subendocardially in the areas perfused by the LAD and the circumflex coronary artery (LCx), and the segment length of each area was measured. The left ventricular pressure and its first derivatives (dP/dt) were measured by a 5F catheter-tip micromanometer Experimental protocol: Coronary occlusion and 3 settings of anoxic perfusion were performed in all 6 dogs. For control measurements, the bypass system was occluded for 2 minutes, followed by reperfusion for 10 minutes. Two minutes of anoxic perfusion with Krebs-Henseleit solution (118mM NaCI, 25mM NaHCO3, 3.8mM KCl, 1.2mM KH2PO4, 1.2mM MgSO4, 10mM glucose) containing 2 different concentrations of calcium (2.5mM and 5.0mM) or no calcium was performed, followed by reperfusion with oxygenated blood for 10 minutes. The Krebs-Henseleit solution was gassed with 95% N2 and 5% CO2, and was kept at 37. The three sets of anoxic perfusions (2.5mM, 5.0mM or no calcium) were performed in a random order. Data analyses:
End-diastole was defined as the abrupt increase in dP/dt, and end-systole was defined as 20msec before the nadir of dP/dt. End-diastolic (EDL) and end-systolic segment lengths (ESL) were calculated. Segment length was normalized by each control value of EDL. Percent segment shortening (%SS) was calculated as follows17):
%SS=(EDL-ESL)/EDL100
Statistical analysis:
Data are expressed as a meanSEM. Analysis of variance for repeated measurements was used to determine the significance of hemodynamic changes. Student's paired t-test was used for comparing the values at individual times. Analysis of variance and multiple comparisons of the measure-Jpn. Heart J. May, 1993 ments using Scheffe's F-test was performed to compare the value of different settings of coronary occlusion or anoxic perfusion. Statistical significance was set at p<0.05. Table I shows the hemodynamic changes after 2 minutes of coronary occlusion or anoxic perfusion. The left ventricular systolic pressure decreased from 1086mmHg to 1006 mHg after 2 minutes of total coronary occlusion of LAD. The left ventricular end-diastolic pressure increased from 7.00.9mmHg to 9.10.9mmHg. The mean aortic pressure tended to decline. These changes were similar after the 3 different settings of anoxic perfusions, although the left ventricular end-diastolic pressure was less during calcium-free anoxic perfusion than after total coronary occlusion (p<0.05). The coronary perfusion pressure in diastole was reduced from 796mmHg to 151mmHg during coronary occlu- Table I . Hemodynamic Changes after Coronary Occlusion or Anoxic Perfusion HR=heart rate (beat/min); LVSP=left ventricular systolic pressure (mmHg); EDP=left ventricular end-diastolic pressure (mmHg); AOM=mean aortic pressure (mmHg); COPD=coronary perfusion pressure in diastole (mmHg); CBF=corottary blood flow (ml/min); Ca2+ free, 2.5mM Ca2+, 5.0mM Ca2+, anoxic perfusion with 0.0, 2.5 and 5.0mM calcium; CO/AP=2 minutes after coronary occlusion or anoxic perfusion; RIM and R10M=1 minute and 10 minutes after reperfusion. *and **=p<0.05 and p<0.01 compared with control.
REULTS
sion. The perfusion pressure was maintained at a somewhat reduced level during anoxic perfusion. The blood flow in the LAD decreased from 18.24.3ml/min to zero during coronary occlusion, and increased to 43.37.4ml/min 1 minute after reperfusion. The coronary blood flow increased from 17.93.8ml/min to 57.33.8ml/min after 2 minutes of anoxic perfusion with 2.5mM calcium. These changes were similar after anoxic perfusion without calcium or with 5.0 mM calcium. All the hemodynamic changes recovered completely within 10 minutes after reperfusion. Anoxic perfusion with 5.0mM calcium did not cause hypercontraction following reperfusion, and in this condition normalized %SS after 1 minute of reperfusion was even less than after anoxic perfusion with 2.5mM calcium.
DISCUION
The present study demonstrated that the transient overshoot of regional myocardial function after brief ischemia, i.e. the post-ischemic hypercontraction, depends on the calcium concentration in the perfusate during anoxic perfusion.
Post-ischemic hypercontraction after brief coronary occlusion was first described by Tatooles et al. in 1961 3) . Several studies4)-11) have confirmed this phenomenon, although the pathophysiological mechanisms remain poorly understood. Ngai and colleagues9) have shown that the transient overshoot in developed tension was attenuated by diltiazem in isolated blood-perfused canine papillary muscle, but we12) and others7) failed to confirm this finding in in vivo experiments.
The transient increase in segment shortening represented an increase in regional contractility, since there was no increase in EDL (preload) or no decrease in systemic pressure (afterload). This increase in contractility may be related to a transient increase in intracellular calcium and rapid restoration of intracellular acidosis after reperfusion. Anoxic perfusion may result in less intracellular acidosis than zero-flow ischemia, and may consequently induce less of an increase in pH after reperfusion with blood. Post-ischemic hypercontraction was therefore attenuated after anoxic perfusion with a perfusate containing 2.5mM calcium (almost identical to the plasma calcium concentration). Furthermore, the post-ischemic hypercontraction was remarkable after reperfusion following calcium-free anoxic perfusion. The modifications in post-ischemic hypercontraction by the changes in calcium concentration of the anoxic perfusate suggest that this phenomenon is closely related to alterations in calcium flux during ischemia, although the modifications were demonstrated not in an ischemia-reperfusion model, but in an anoxia-reoxygenation model.
Zimmerman and Hulsmann18) reported release of intracellular enzymes during reintroduction of calcium-containing perfusate after a few minutes of calcium-free perfusion, i.e. the "calcium paradox". Nayler et al. 19) showed that abrupt calcium influx occurred after reintroduction of calcium following calciumfree perfusion and demonstrated that this calcium influx was modified by the presence of calcium antagonist or sodium loading. They suggested that the calcium paradox was mediated by the Na+-Ca2+ exchange system, as well as the slow calcium channels. The Na+-Ca2+ exchange system may also play a role in hypoxia-reoxygenation or ischemia-reperfusion-induced calcium overload.22) Tani and Neely23) found that an increase in the intracellular Na+ concentration coupled with a decrease in pH during ischemia activated the H+-Na+ exchange, which resulted in activation of the Na+-Ca2+ exchange during reperfusion following zero-flow global ischemia in isolated rat hearts. In vivo, post-ischemic Jpn. Heart J. May, 1993 hypercontraction was not affected by the calcium antagonist, verapamil.7),12) Calcium influx through the Na+-Ca2+ exchange system, but not the slow calcium channels, is therefore likely to contribute to post-ischemic hypercontraction, although tissue Na+ and Ca2+ contents were not determined in this study.
Ischemic preconditioning may affect the results through a preservation of energy metabolism24 
